Bile-mediated repression of virulence gene expression is relieved in a Vibrio cholerae hns mutant. The mutant also exhibited reduced motility due to lower flrA expression, higher in vivo production of the virulence factors, and lower colonization efficiency. The colonization defect of the mutant was due to low FlrA production.
more, the motility and colonization efficiency of a V. cholerae hns mutant strain were lower than those of the wild-type strain.
A V. cholerae hns mutant produces CT and TcpA in the presence of bile. The V. cholerae O395 hns mutant strain O395H29, previously used to demonstrate the role of H-NS in anaerobic repression of CT production (16) , was used in this study. CT in culture supernatants and sonicated cell lysates of V. cholerae strains O395 and O395H29 (hns) grown under inducing conditions (LB medium, pH 6.6, 30°C) without or with 0.2% bile (Sigma) was estimated by GM1 enzyme-linked immunosorbent assay. As reported previously (7), although V. cholerae O395 produced about 1 g CT per ml supernatant per unit of optical density at 600 nm (OD 600 ) under these conditions, practically no CT was detected in cultures of V. cholerae grown under identical conditions except for the presence of 0.2% bile in the culture medium. However, the hns mutant strain O395H29 produced high levels of CT even in the presence of bile (Fig. 1A) . Taken together, these results indicated that H-NS represses CT production in the V. cholerae wild-type strain O395 grown in the presence of bile. When grown without bile, the hns mutant strain produced only about 20% more CT than the parent strain (P ϭ 0.005) (Fig. 1A) . Quantitative real-time reverse transcriptase PCR (RT-PCR) analysis (1) indicated that ctxAB expression was 19.4-fold lower in strain O395 than in strain O395H29 when both strains were grown in the presence of bile (Fig. 1B) . Furthermore, the bile-mediated repression of tcpA expression reported for strain O395 was not observed in the hns mutant strain O395H29 (Fig. 1B) .
Bile had no effect on toxT gene expression in both strains O395 and O395H29 (Fig. 1B) . However, toxT expression was higher in the hns mutant strain O395H29 than in the parent strain O395 in both the absence and presence of bile. It has previously been shown that H-NS binding sites are present upstream of the toxT gene (22) .
Paradoxically, although crude bile represses expression of the virulence factors, it has recently been demonstrated (12) that individual bile salts could actually stimulate ctxAB expression in a ToxR-dependent manner even under normally nonpermissive conditions (LB, pH 8.5, 37°C). It has been reported earlier that under these conditions significant CT production occurs in a V. cholerae hns mutant, although the parent strain produces practically no CT (22) . Indeed, the V. cholerae hns mutant strain O395H29 used in this study produced about 1 g CT per ml per OD 600 unit when grown in LB at pH 8.5 and 37°C. The amount was further increased 1.5-to 2-fold when strain O395H29 was grown in the presence of the bile salt sodium glycocholate (Fig. 1A) . To examine whether ToxR has any role in the sodium glycocholate-mediated increase in CT production in the hns mutant strain O395H29, a toxR hns double mutant of V. cholerae O395 was constructed by homologous integration of the suicide vector pGP704 (21) , carrying an internal segment of the hns gene, into the chromosomal hns gene of the toxR mutant strain JJM43 (10) . Southern blot analysis was used to confirm that integration had occurred at an appropriate position within the chromosomal hns gene. The toxR hns mutant strain was designated V. cholerae VCH3. Although the V. cholerae toxR mutant strain JJM43, which contained a functional hns gene, did not produce CT under any conditions, the toxR hns double mutant strain VCH3 produced constitutive levels of CT even under nonpermissive conditions (Fig. 1A) . However, addition of sodium glycocholate had no effect on CT production in strain VCH3. These results suggested that even in the hns mutant strain, ToxR could, in the presence of the bile salt sodium glycocholate, modestly activate CT production. The activation was not observed in the hns toxR double mutant strain VCH3.
Since bile contains, in addition to bile acids, a variety of components such as bile pigments, lecithin, cholesterol, and probably some unidentified components, it is attractive to hypothesize that one or more of these components might directly or indirectly not only repress the activity of ToxT, as suggested earlier (24), but also prevent or decrease the bile acid-mediated ToxR-dependent stimulation of ctxAB expression observed by Hung and Mekalanos (12) and also in this study. Thus, even in the presence of significant amounts of bile acids FIG. 1. Effect of bile on CT production and ctxAB, tcpA, and toxT gene expression in V. cholerae strains O395 and O395H29 (hns). A. CT in culture supernatants of V. cholerae strains O395 and O395H29 grown in the absence (vertically hatched bars) or in the presence of 0.2% bile (diagonally hatched bars) or 0.2% sodium glycocholate (horizontally hatched bars) was estimated and expressed as nanograms per milliliter of supernatant at an optical density at 600 nm of 1. The error bars indicate standard errors of the means. B. Real-time RT-PCR was performed with RNA isolated from V. cholerae strain O395 (horizontally hatched bars) and strain O395H29 (vertically hatched bars) grown in the absence (Ϫ) or in the presence (ϩ) of 0.2% bile for estimation of ctxAB, tcpA, and toxT expression. Primers were designed based on the V. cholerae genome sequence (9, 25) . DNase-treated RNA samples that had not been reverse transcribed were used as negative controls. Results are expressed as multiples of the values obtained for strain O395 without bile. 16S rRNA expression was used as an internal control. Statistical significance of the observed differences was calculated using the two-sample t test. A P value of Ͻ0.05 was considered significant. in the bile used in the present and previous studies, no significant activation of ctxAB expression by ToxR was observed in strain O395 (7, 24) . Motility of the V. cholerae hns mutant. Expression of the ToxR virulence regulon and motility are known to be oppositely regulated in V. cholerae (3, 6) . Indeed, while expression of the virulence genes ctxAB and tcpA of the ToxR regulon was increased in the V. cholerae hns mutant strain O395H29, swarm plate assays indicate that the motility of these cells was reduced compared to that of the wild-type parent strain O395 (Fig. 2A) . To further understand the roles of the central virulence regulator ToxR and H-NS in motility, the motilities of strains O395, O395H29 (hns), JJM43 (toxR), and VCH3 (toxR hns) were compared under ToxR-inducing conditions (pH 6.6, 30°C) and ToxR-repressing conditions (pH 8.6, 37°C) by swarm plate assays ( Fig. 2A) . The results obtained indicate that in the presence of active ToxR (pH 6.6, 30°C), the swarm diameter of strain O395 (2.1 Ϯ 0.3 cm) is twofold greater than the swarm diameter of the hns mutant strain O395H29 (1.1 Ϯ 0.2 cm). The difference was statistically significant (P ϭ 0.001) and suggested that H-NS positively regulates motility. However, when ToxR is inactive, either under nonpermissive growth conditions (pH 8.6, 37°C) or due to a mutation (strain JJM43), motility is increased twofold (P ϭ 0.005), indicating that motility is negatively regulated by ToxR. In the toxR hns double mutant strain VCH3 motility is extremely high and comparable to that of the toxR mutant strain JJM43 (P Ն 0.2), indicating that in the absence of an active negative regulator (ToxR), the positive regulator (H-NS) was not required.
Motility in V. cholerae is controlled by the hierarchical expression of a regulatory cascade (23) . Real-time RT-PCR analysis indicated that expression of the first gene in the hierarchy, flrA, was reduced about sixfold (P ϭ 0.001) in the hns mutant strain O395H29 (Fig. 2B) . To examine whether the decrease in the motility of strain O395H29 was indeed due to reduced flrA expression, the full-length flrA gene was cloned in plasmid pBR328 to give plasmid pFlrA and transformed into strain O395H29. Expression of cloned FlrA in the V. cholerae hns mutant strain O395H29 restored motility to more than wildtype levels ( Fig. 2A) , indicating that H-NS exerts its effect on motility by stimulating expression of the central regulator flrA. RT-PCR analysis indicated that H-NS had no effect on expression of fliA (data not shown), encoding 54 , which acts in concert with FlrA to activate expression of class II and class III motility genes (18) .
In vivo expression of motility and virulence genes in the V. cholerae hns mutant. V. cholerae strains O395 and O395H29 (hns) were grown in vivo using the ligated rabbit ileal loop model (4) . An advantage of this model is that it allows comparative studies between parent and mutant strains simultaneously in the same animal, thus avoiding variations among individual animals. Each bacterial strain was inoculated into at least two loops in each animal, and each strain was tested in at least three individual animals. At about 8 h after infection, the animals were sacrificed, bacteria were recovered from the loops and enumerated, and RNA was isolated from the in vivo-grown bacteria (3) . The amount of CT in the intestinal fluid also was estimated. A statistically significant (P ϭ 0.01) difference in CT production was observed between strains O395H29 (hns) and O395 grown in rabbit ileal loops. On a per-cell basis, strain O395H29 produced about 2.5-fold more CT in rabbit ileal loops than the parent strain O395 (Fig. 3B) .
RT-PCR analysis of RNA isolated from in vivo-grown cells indicated that ctxAB expression was increased about 3.5-fold and tcpA expression was more than 2-fold higher in the hns mutant strain O395H29 compared to strain O395 (Fig. 3A) . However, expression of the motility-regulatory gene flrA was on November 7, 2017 by guest http://iai.asm.org/ about fivefold lower in strain O395H29 than in strain O395 (Fig. 3A) . Thus, the effect of H-NS on gene expression in vivo closely follows the effect observed in in vitro cultures. Decreased colonization of infant mouse intestine by the V. cholerae hns mutant. Colonization of infant mouse intestine by strain O395H29 was examined and compared to the colonization efficiency of the parent strain O395. Colonization by the mutant strain O395H29 was consistently about 20-to 30-fold lower than that by the wild-type strain (Table 1) . Thus, in spite of the increased production of the colonization factor TcpA in the V. cholerae hns mutant strain, the colonization efficiency of the mutant was lower than that of the wild-type strain.
Whether the colonization defect of the hns mutant strain O395H29 was due to the lower motility of the mutant strain was next examined. Since expression of cloned flrA in the V. cholerae hns mutant strain O395H29 restored motility to wildtype levels ( Fig. 2A) , the colonization efficiency of strain O395H29 carrying pFlrA was examined in the infant mouse model and compared to that of the wild-type parent strain carrying the plasmid vector pBR328. The results obtained indicated that production of cloned FlrA in the hns mutant strain O395H29 fully complemented the colonization defect of the mutant strain (Table 1) . Indeed, despite initial conflicting reports, it is now confirmed that motility is necessary for optimum colonization (2) .
As colonization efficiency is also dependent on bacterial growth, the growth rates of strains O395 and O395H29 in LB were next determined and found to be comparable. Also, the ratios between the bacterial CFU injected into rabbit ileal loops and the CFU of bacteria recovered from the loops after 8 h were similar for strains O395 and O395H29 (data not shown).
A complex integrated regulatory system involving both positive and negative regulators not only controls virulence gene expression in response to external signals but also connects expression of virulence factors to motility, which are known to be oppositely regulated in V. cholerae. A model, incorporating the results of this study as well as previously reported observations, to depict the complex interplay between positive and negative regulators in controlling the expression of virulence factors and motility in response to environmental signals is given in Fig. 4 . ToxR and ToxT function as positive regulators of the ctxAB and tcpA genes but directly or indirectly repress expression of the motility gene flrA. Conversely, H-NS is a negative regulator of ctxAB and tcpA gene expression but activates flrA expression. Consequently, expression of virulence factors and motility are oppositely regulated in V. cholerae. The regulators ToxR/ToxT and H-NS exert their activity under different environmental conditions. Under permissive conditions (LB, pH 6.6, 30°C), the ToxR/ToxT regulators predominate, with a consequent high level of expression of virulence factors but reduced motility. It may be mentioned in this context that the identity of the repressor of flrA expression is not precisely known; however, since induction of the ToxR regulon reduces motility, it may be hypothesized that ToxR directly or indirectly represses flrA expression. In the presence of bile, ToxT, though present, is not active, and H-NS predominantly represses expression of the virulence factors. H-NS also represses expression of the virulence factors under "nonpermissive" conditions (LB, pH 8.6, 37°C), where ToxT is not produced at all. The data presented in this study show that H-NS activates flrA expression, though H-NS is not required for flrA expression when the ToxR regulon is shut off. Since FlrA can fully complement the colonization defect of the V. cholerae hns mutant strain, it may be concluded that although H-NS is a pleiotropic regulator, its major role in the pathophysiology of infection is in activating flrA expression to achieve optimum colonization efficiency.
